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Abstract
Background: The risk of indoor air radon for lung cancer is well studied, but the risks of
groundwater radon for both lung and stomach cancer are much less studied, and with
mixed results.
Methods: Geomasked and geocoded stomach and lung cancer cases in North Carolina
from 1999 to 2009 were obtained from the North Carolina Central Cancer Registry.
Models for the association with groundwater radon and multiple confounders were im-
plemented at two scales: (i) an ecological model estimating cancer incidence rates at the
census tract level; and (ii) a case-only logistic model estimating the odds that individual
cancer cases are members of local cancer clusters.
Results: For the lung cancer incidence rate model, groundwater radon is associated with
an incidence rate ratio of 1.03 [95% confidence interval (CI)¼ 1.01, 1.06] for every 100Bq/l
increase in census tract averaged concentration. For the cluster membership models,
groundwater radon exposure results in an odds ratio for lung cancer of 1.13 (95%
CI¼1.04, 1.23) and for stomach cancer of 1.24 (95% CI¼1.03, 1.49), which means
groundwater radon, after controlling for multiple confounders and spatial auto-
correlation, increases the odds that lung and stomach cancer cases are members of their
respective cancer clusters.
Conclusion: Our study provides epidemiological evidence of a positive association be-
tween groundwater radon exposure and lung cancer incidence rates. The cluster mem-
bership model results find groundwater radon increases the odds that both lung and
stomach cancer cases occur within their respective cancer clusters. The results corrobor-
ate previous biokinetic and mortality studies that groundwater radon is associated with
increased risk for lung and stomach cancer.
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Introduction
Radon is a naturally occurring radioactive gas and human
carcinogen found in the groundwater drinking supply and
indoor air across the world. Countries with documented
groundwater radon occurrence include the USA,1–3
Finland,4 Belgium,5 Italy6 and many other European coun-
tries.7 The carcinogenic risk associated with radon expos-
ure is due to its radioactive decay and emission of high
energy alpha decay particles (a-decay);8,9 thus when refer-
ring to radon, it is generally understood to be radon and its
associated a-decay.
There is vast literature including multiple epidemiolo-
gical analyses supporting the conclusion that exposures via
inhalation of radon in indoor air lead to a significant
increased risk of lung cancer morbidity in both never-
smokers and smokers.7,10–14 The International Agency for
Research on Cancer concluded there is sufficient evidence
that radon and its progeny cause lung cancer in humans15.
Ingestion of radon is also thought to be associated with
lung cancer; however, the literature for the groundwater or
drinking-water routes of exposure and lung cancer is lim-
ited to biokinetic models8,16 and one ecological epidemi-
ology analysis of mortality.17 Although the source of
contamination, subsurface geology containing radon or its
parent chemicals, is often the same for indoor air and
groundwater radon, their effect on lung cancer cannot be
assumed to be the same because they have differing envir-
onmental levels (since air radon enters the home via infil-
tration through the soil and home structure, whereas
groundwater enters through the private well), different
routes of exposure (primarily inhalation for indoor air
radon and ingestion for groundwater radon8), and are sub-
ject to different remediation measures (air versus water).
Stomach cancer is likely to be the second major cancer
risk from radon exposure, after lung cancer;8,9,11 however,
previous studies have looked at stomach cancer and radon
with mixed results.11 A case-cohort study of private well
radon found a protective effect that was not statistically
significant; however, it most likely suffered from a small
cohort (n¼ 371) and lack of confounder- controlling for
unmeasured protective effects.4 A county-scale ecological
analysis found a positive relationship between indoor air
radon and stomach cancer mortality; however, the study
did not report the number of subjects or the confidence
intervals.18 Kendall and Smith11 hypothesized that the
mixed results of stomach cancer studies are because they
lack a highly exposed cohort of sufficient sample size.
North Carolina contains geological features commonly
associated with elevated radon and has many areas across
the state with high concentration of radon in the ground-
water.3 Additionally, Messier et al.3 recently provided a
geologically based land use regression and Bayesian
Maximum Entropy (LUR-BME) model to spatially esti-
mate groundwater radon, affording the possibility to quan-
tify exposure across the state at a fine resolution not
previously possible with other models of groundwater
radon exposure. Lastly, state-wide lung cancer incidence
rates are higher than the national average for 2007–11
(72.7 versus 64.9 per 100 000 person-years) and near the
national average for stomach cancer (6.7 versus 6.3 per
100 000 person-years).19
The objectives of our study are to: (i) provide an epi-
demiological analysis of groundwater radon exposure and
lung cancer incidence; and (ii) conduct an epidemiological
analysis of groundwater radon and stomach cancer inci-
dence with a large and exposed cohort. To this end, we de-
velop two types of models for lung and stomach cancer in
North Carolina across an 11-year period. The first type of
model examines associations at an ecological scale, investi-
gating the association of groundwater radon exposure and
lung and stomach cancer incidence rates by census tract.
To expand upon the ecological-level model, we develop a
two-stage cluster analysis and logistic regression frame-
work that estimates the odds that cancer cases belong to
cancer clusters, which allows for an assessment at the indi-
vidual as opposed to ecological scale. This framework has
been applied to evaluating the associations between H5N1
avian bird flu and environmental factors,20,21 amyotrophic
Key Messages
• Modelled census tract average groundwater radon is associated with a positive increase in lung cancer incidence
rates.
• To supplement the ecological scale analysis, we performed a two-stage analysis consisting of a cancer cluster ana-
lysis followed by logistic regression on cancer case membership within the cluster.
• Modelled address-level groundwater radon is associated with an increase in the probability of a lung cancer case
occurring within a local lung cancer cluster.
• Modelled address-level groundwater radon is associated with an increase in the probability of a stomach cancer case
occurring within a local stomach cancer cluster.
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lateral sclerosis and lake water quality,22 and tuberculosis
and aboriginal ancestry.23
Results will be of interest to cancer researchers across
disciplines including toxicologists and epidemiologists, fed-
eral and state agencies monitoring public health such as
the Department of Health and Human Services, and to the
general public in order to become better educated on their
potential risks associated with groundwater radon expos-
ure. Furthermore, the results will provide the relative risk
estimate needed to calculate the sample size for a large
case-control study of radon and cancer outcomes, which
will be significantly more expensive and time-consuming
than this study.
Methods
Study population
Geomasked address-level stomach and lung incident cancer
cases in North Carolina from 1999 to 2009 were obtained
from the North Carolina Central Cancer Registry
(NCCCR) with a data use agreement. An Internal Review
Board (IRB) assessment was obtained (UNC-IRB #12-
1761) for human subjects; however, the only identifiable
information is their location. Geomasked locations are
moved slightly from true addresses using a donut geomask
to protect privacy while preserving the sensitivity and spe-
cificity of detecting disease clusters.24,25 Attributes include
race, age at diagnosis, gender (Table 1) and various notes
including tobacco use history; however, those are reported
in less than 10% of cases. Stages of cancer were also not
included.
Exposure data
Groundwater radon concentration (Bq=LÞ exposure is esti-
mated from Messier et al.,3 which are address-level esti-
mates of groundwater radon concentration based on a
land use regression and Bayesian Maximum Entropy
(LUR-BME) geostatistical model with geologically based
explanatory variables. The LUR-BME model provides
address-level estimates of groundwater radon concentra-
tion for individual exposure assessment, and spatial aver-
aging of estimates provides a precise assessment of
observed census tract levels (Pearson correlation¼ 0.9; see
supplementary material for more details on the LUR-BME
exposure models and their validation, available as
Supplementary data at IJE online).
Statistical analyses at multiple spatial scales
Associations between stomach and lung cancer are exam-
ined at two different spatial scales.
First, incidence rates are examined at the census tract
level using a negative binomial generalized linear model
(GLM) with standard NB2 parameterization26,27 (referred
to hereinafter as the incidence rate model). The model of
stomach or lung cancer counts, Y; is assumed to follow a
negative binomial distribution such that Y  NB2ðl; aÞ,
where l is the mean and a is the negative binomial disper-
sion parameter. For the NB2 parameterization, the natural
log is the link function and the exponential is the inverse-
link; thus we model cancer counts as:
ln ðYÞ ¼ b0 þ b1Z1 þ . . .þ bnZn þ eþ offset (1)
where Y is the number of stomach or lung cancer counts in
a given census tract over the 11-year study period,bn are
linear coefficients for the census tract predictor variables
Zn, e is the error term, and offset is the population-year off-
set, which is the natural log of the census tract population
times the duration of the study period (11 years) with a co-
efficient constrained to 1 resulting in an incidence rate in-
terpretation of the model.
The predictor variables include the exposure Z1 of inter-
est (the census tract average of groundwater radon concen-
tration, Bq/L), and known confounding variables, Zl, l> 1,
which include indoor air radon exposure, smoking preva-
lence,28 public water supply status, residential tenure,
age, gender and race. The indoor air radon census tract
Table 1. Basic information for the study population. Lung
and stomach cancer cases from 1999 to 2009 in North
Carolina, USA
Stomach cancer Lung cancer
Male
White
Age<65 814 10080
Age65 1345 20065
Black
Age<65 423 3099
Age65 457 3244
Other
Age<65 55 217
Age65 34 219
Female
White
Age<65 413 7663
Age65 960 15083
Black
Age<65 236 1776
Age65 401 2006
Other
Age<65 41 161
Age65 39 191
Total 5 218 63 804
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geometric mean is estimated via BMElib with Gaussian soft
data29 based on of 6320 indoor air basement measurements
across North Carolina, which approximates the census tract
population geometric mean (Pearson correlation> 0.5; see
supplementary material, available as Supplementary data at
IJE online). Using census tract geometric means reduces
variability and has already been done in other studies of
groundwater pollutants.30 Here we use census tract geomet-
ric means of basement measurements to remove the variabil-
ity due to individual house characteristics, which are
unavailable for our cancer cases. It should be noted that al-
though we control for air radon, the correlation between
groundwater and air radon is weak (R-squared¼0.09)
based on 238 log-transformed co-located groundwater and
indoor air measurements, and therefore we do not expect
that air radon is a strong confounder for groundwater radon
in this study. More details on the estimation of indoor air
radon and other confounding variables are available in the
supplementary material (available as Supplementary data at
IJE online). Incidence rate ratio (IRR), or the ratio of the
probabilities of disease when a given predictor variable is
increased by one unit, is obtained for each variable by expo-
nentiating its coefficient (IRR ¼ eb). We create and com-
pare models with increasing levels of control for
confounding variables. First, a crude model or model with
only groundwater radon is produced. Second, in the ad-
justed model we control for gender and age with dummy
variables. Last, we control for all confounders including in-
door air radon, smoking, public water supply, residential
tenure, race, gender and age with a single full model. To
utilize the address-level exposure information from the
groundwater radon estimates,3 we conduct a logistic regres-
sion analysis on lung and stomach cancer cases that are as-
signed a 0/1 status based on their membership in a cluster
20,22 (referred hereinafter as the cluster membership model).
Cancer clusters are identified by calculating the Anselin
Local Moran’s I on normalized excess case counts:22
ci ¼ ðoi  eiÞ=ei
where oi is the number of observed cancer cases per census
tract and ei is the expected number of cases calculated as
the North Carolina state average for the study period and
gender- and age-adjusted for each census tract. These
cancer clusters may represent geographical regions with
unknown elevated risk factors. This approach allows
address-level exposure information to be utilized in case-
only studies and where a case-crossover study design is not
sensible. To identify these risk factors, we assign each indi-
vidual cancer cases with a 0/1 binary variable M indicating
their membership in cancer clusters. We model the prob-
ability that a lung or stomach cancer is a member of a
cancer cluster using the logistic generalized linear model
(GLM):
logitðMÞ ¼ b0 þ b1X1 þ . . .þ bnXn þ e (2)
where logitðMÞ is the logit link function that transforms
the binary membership dependent variable M to the appro-
priate scale for estimation, bn are linear coefficients for the
individual predictor variables Xn and e is the error term.
Groundwater radon at the address of the cancer case is ob-
tained via a spatial join from the estimated address-level
groundwater radon estimates of Messier et al.3 The same
confounding variables are included in the logistic cluster
membership model as in the incidence rate model; how-
ever, differences due to the address-level information are
present, which are explained in detail in the supplementary
material (available as Supplementary data at IJE online).
The odds ratio (OR), or the ratio of the odds that a case is
a member of a cluster when a given predictor variable is
increased by one unit, is calculated for each variable by
exponentiating the logistic regression model coefficient.
The OR does not directly reflect individual-level risk as in
a classical case-control study design; however, individual-
level explanatory variables provide additional evidence of
associations with the cancer outcomes that is otherwise
lost in an ecological study design. Similarly to the incidence
rate model, we create and compare models with increasing
levels of controlling for confounding variables. First, the
crude model with only groundwater radon is developed.
Second, the adjusted model controls for the effects of gen-
der and age. And last, the full model controls for the add-
itional factors of indoor air radon, smoking, race, public
water supply, residential tenure, gender and age.
Spatial auto-correlation of model residuals is assessed by
examining a spatial covariance plot of the model standar-
dized Pearson residuals. If significant auto-correlation is pre-
sent, which can potentially bias parameter and standard
error estimates, then we implement a generalized estimating
equation (GEE)31–34 which accounts for correlations be-
tween clusters and assumes no correlation within clusters
(see supplementary material, available as Supplementary
data at IJE online). GLMs are modelled using the COUNT
package26 and GEEs are modelled using the GEE package35
of the R statistical software. Spatial covariance of residuals
are calculated using the BMElib29 numerical toolbox in
MATLAB. The cluster analysis was performed using the
Cluster and Outlier Analysis tool in ArcGIS 10.0.36
Results
The results for groundwater and indoor air radon in the
crude, age- and gender-adjusted and full models of lung
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cancer incidence rate, stomach cancer incidence rate, lung
cancer cluster membership and stomach cancer cluster
membership are summarized in Table 2.
Lung cancer
The groundwater radon IRR and 95% confidence intervals
are above 1 for all three lung cancer incidence rate models.
The full model has an IRR of 1.03 (1.01, 1.06) indicating a
3% increase in lung cancer incidence rate for every 100 Bq/
l increase in predicted census tract averaged groundwater
radon concentration after controlling for confounding fac-
tors. Full results are available in the supplementary mater
ial (Table S2, available as Supplementary data at IJE on-
line). Residual spatial-autocorrelation in the full lung can-
cer incidence rate model is considered insignificant based
on the Pearson covariance plots (supplementary Figure S3,
available as Supplementary data at IJE online).
The state-wide observed incidence for lung cancer dur-
ing the study period is 95.7 and 52.8 cases per 100 000
person-years for males and females, respectively. This rate
was used as the expected incidence in the cluster analysis
of normalized excess cancer cases, which resulted in 254
out of 1554 (16.3%) census tracts having higher than ex-
pected rates of lung cancer (Figure 1A). A total of 13 414
(21%) cases occur within the clusters.
Address-level groundwater radon for the full lung can-
cer cluster membership GLM has an OR of lung cancer
cluster membership of 1.32(1.29, 1.36; Table S3, available
as Supplementary data at IJE online); however, it showed
residual spatial auto-correlation. After implementing a
GEE with an unstructured covariance matrix,32 spatial
auto-correlation was reduced (Supplementary Figure S3,
available as Supplementary data at IJE online) and the OR
was reduced to 1.12 (1.04, 1.22; Table 2). The cluster
membership GEE model indicates that predicted address-
level groundwater radon is a risk factor for cluster
membership of lung cancer after controlling for confound-
ing factors and spatial auto-correlation. Results for the all
variables are in Supplementary Table S3, available as
Supplementary data at IJE online.
Stomach cancer
Groundwater radon IRR’s for all three stomach cancer in-
cidence rate models are above 1; however, the lower 95%
confidence intervals are below 1. Full results are available
in Supplementary Table S4 (available as Supplementary
data at IJE online).
The state-wide observed incidence rate for stomach can-
cer during the study period is 8.2 and 4.1 cases per
100 000 person-years for males and females, respectively.
This rate was used as the expected incidence in the cluster
analysis of normalized excess cancer cases, which resulted
in 113 out of 1554 (12.8%) census tracts having higher
than expected rates of stomach cancer (Figure 1B). A total
of 667 (12.8%) cases occur within the clusters.
Address-level groundwater radon for the full stomach
cancer cluster membership GLM has an OR of stomach
cancer cluster membership of 1.27 (1.14, 1.41; Table S5,
available as Supplementary data at IJE online); however, it
showed residual spatial auto-correlation. After implement-
ing a GEE spatial auto-correlation was reduced
(Supplementary Figure S3) and the OR was reduced to 1.
24 (1.03, 1.49; Table 2). The cluster membership GEE
model indicates that groundwater radon exposure is a risk
factor for cluster membership of stomach cancer cases.
Results for all variables are in Supplementary Table S5.
Discussion
We presented ecological census tract incidence rates and
case-only address-level cluster membership models for lung
Table 2. Summary of results for the NB2 incidence rate models, and the logistic cluster membership GEE models for lung and
stomach cancers. For each model the crude, age- and gender-adjusted and full model IRR (95% confidence intervals) are pre-
sented for the intercept, groundwater radon and indoor air radon variables. Confounding variables are discussed in the text and
available in full in the supplementary material (available at IJE online)
Model Variable Crude Age- and
gender-adjusted
Fully adjusted
Lung cancer incidence rate Groundwater radon (per 100 Bq/l) 1.08 (1.03, 1.12) 1.03(1.01, 1.06) 1.03 (1.01, 1.06)
Indoor air radon (per 100 Bq/m 3) 1.001 (0.99, 1.01)
Stomach cancer incidence rate Groundwater radon (per 100 Bq/l) 1.06 (0.99, 1.13) 1.02(0.96, 1.08) 1.05 (0.99, 1.11)
Indoor air radon (per 100 Bq/m 3) 0.98 (0.95, 1.004)
Lung cancer cluster membership
(GEE model)
Groundwater radon (per 100 Bq/l) 1.13 (1.04, 1.23) 1.13 (1.04, 1.23) 1.12 (1.04, 1.22)
Indoor air radon (per 100 Bq/m 3) 1.11(1.01, 1.21)
Stomach cancer cluster
membership (GEE model)
Groundwater radon (per 100 Bq/l) 1.22 (1.02, 1.46) 1.21 (1.01, 1.45) 1.24 (1.03, 1.49)
Indoor air radon (per 100 Bq/m 3) 1.09 (0.96, 1.23)
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and stomach cancer in North Carolina, USA. Our goal was
to quantify the associations between groundwater radon
exposure and lung and stomach cancer, while considering
not only the effects of known confounders, but also the
spatial scale of outcome and explanatory variables. There
have been several studies demonstrating that indoor air
radon is associated with a significant risk for lung can-
cer,7,10–15 but there has been only one epidemiological
study of groundwater radon exposure and lung cancer and
this was an ecological study for mortality17 at the county
level that found positive and significant associations. There
is general consensus on the biological and physical plausi-
bility of groundwater radon leading to stomach can-
cer;8,9,16 however, there has only been one epidemiological
study, with a small sample size and lack of control of con-
founders,4 to directly measure this association, which
showed an insignificant association. Our study is the first
epidemiological analysis finding a significant positive asso-
ciation between groundwater radon exposure and lung
cancer incidence rates, and the first to find that an increase
A
B
Anselin Cluster Result
Not a Cluster
Cluster
0 50 100 150 20025
Kilometers
Figure 1. Anselin Local Moran’s I clusters (Filled) for excess, normalized (A) lung cancer and (B) stomach cancer incidence calculated in ArcGIS
10.0.Cases are assigned a 1 status if they within a census tract identified a cluster. All other cases are assigned a 0 status. Each map has two inset
maps of the Asheville (West Inset) and Raleigh (East Inset) metropolitan areas. Geomasked cancer cases are not shown, in order to protect spatial
identity as per the data use agreement.
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of 100 Bq/l in groundwater radon concentration increases
the odds that both lung cancer cases (OR¼ 1.12, 95%
CI¼ 1.04, 1.22) and stomach cancer cases (OR¼1.24,
95% CI¼ 1.03, 1.49) are members of a cancer cluster,
after controlling for confounding factors and spatial auto-
correlation. The cluster membership model findings are
made possible by the strength of our LUR-BME model
quantifying exposure at the address level, which reduces
the effects of the ecological fallacy.
Groundwater radon is a source of indoor air radon due
to radon’s transfer from water to air during showers,37
laundry and washing dishes.8 The crude model result has
an IRR of 1.08 (95% CI¼ 1.03, 1.12) per 100 Bq=m3;
moreover, the age- and gender-adjusted model has an IRR
of 1.03 (95% CI¼ 1.01, 1.06). We further investigate risks
by controlling for confounding variables, which also re-
sults in an IRR of 1.03 (95% CI¼1.01, 1.06). Our inci-
dence rate model results for lung cancer provide the first
epidemiological evidence of increased lung cancer inci-
dence from groundwater radon exposure alone. Compared
with previous studies that consider groundwater radon as
a contribution to indoor air radon,7,14 our study finds an
increased risk from groundwater radon when considered
separately. This is important because the methods for miti-
gating radon exposure from indoor air and groundwater
may require different preventative measures.
The effect of groundwater radon concentration on lung
cancer cluster membership was also positive with an OR of
1.12 (95% CI¼ 1.04, 1.22) for the full model; thus for
every 100 Bq/L increase in groundwater radon concentra-
tion, after controlling for all confounding variables and
spatial auto-correlation, there is a 12% increase in the
odds that a lung cancer case occurs within a local lung can-
cer cluster. Since we have a case-only study design, the OR
does not have the usual interpretation of an individual’s
odds of disease given an exposure compared with the odds
of disease with no exposure; however, it does maintain an
interpretation that reflects the underlying risk. In this two-
stage analysis procedure, the clusters may represent regions
with unknown underlying geographical risk factors for
lung cancer, and the subsequent logistic regression analysis
of case cluster membership suggests increased groundwater
radon concentration may be one explanation of clustering,
since it has an OR and 95% confidence interval greater
than 1. It follows that our cluster membership GLM/GEE
results supplement our census tract ecological study in pro-
viding the epidemiological evidence that groundwater
radon concentrations result in an increased risk of lung
cancer; and more importantly, the cluster membership
model shows this based on a fine resolution model of ex-
posure that captures the variability of address-level
groundwater radon within each census tract, which is
important for radon since it is known to have significant
local variability. Overall, our results for groundwater
radon and lung cancer associations provide epidemiolo-
gical evidence and support the National Research Council8
assessment of increased risk of lung cancer from ground-
water radon exposure.
Lung cancer from indoor air radon exposure is the
most well-studied target organ and pathway combination
for radon.7,8,12–14,38–40 There is a general consensus that
residential exposure from indoor air radon increases risk
of lung cancer. This result was corroborated in the lung
cancer cluster membership GEE model, which results in
an OR of 1.11 (95% CI¼ 1.01, 1.21) for every 100
Bq=m3 of modelled census tract geometrical mean indoor
air radon.
The effect of groundwater radon on stomach cancer is
unclear in the incidence rate model results, with an IRR
greater than 1 but lower 95% confidence bounds below 1
(Supplementary Table S4). Contrarily, the stomach cancer
full cluster membership GEE model for groundwater radon
has an OR with 95% confidence bounds above 1 for stom-
ach cancer cluster membership. As previously mentioned,
there is local variability in groundwater radon measure-
ments that is likely diluted from census tract averaging,
and subsequently makes finding a pronounced effect in the
ecological incidence rate model more difficult.
Additionally, the importance of accounting for residual
spatial-autocorrelation is evidenced by the fact that there is
a difference in groundwater radon OR between the ad-
justed logistic GLM and the adjusted logistic GEE for
stomach cancer cluster membership (for groundwater
radon: GLM OR¼ 1.27, GEE OR¼ 1.24; see Table S5).
The cluster membership GEE model shows that ground-
water radon exposure is associated with increased risk for
stomach cancer with a 24% increased odds that a stomach
cancer case is member of a cancer cluster for every 100 Bq/
l increase in concentration while controlling for all con-
founding factors and spatial auto-correlation. Our results
provide epidemiological evidence that groundwater radon
is an environmental risk factor for stomach cancer cases
occurring within local stomach cancer clusters, which sup-
ports the National Research Council8 that groundwater
radon is a significant risk for stomach cancer, but disputes
the Auvinen et al. finding of no significant effects of radon
exposure on stomach cancer.4 Auvinen et al. also find that
uranium (the parent element to radon and a source of ion-
izing radiation) in drinking water has an insignificant but
protective effect, which also contradicts the positive associ-
ation Wilkinson et al.41 found between uranium deposits
and stomach cancer incidence. Furthermore, Kjelberg and
Wiseman18 found significant positive associations between
indoor air radon and stomach cancer incidence.
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The effects of other confounding variables are generally
consistent with the literature, although there are some dif-
ferences between the incidence rate and cluster member-
ship models. For instance, we found males to have an IRR
of 1.73 (95% CI¼ 1.70, 1.77) and 1.94 (95% CI¼1.83,
2.05) for lung and stomach cancer incidence rates, respect-
ively, which is consistent with observed lung cancer42 and
stomach cancer43,44 rates. Our results for gender provided
no evidence of association at the 95% confidence level for
either lung or stomach cluster membership models.
Likewise, we found age 65 and over compared with age 64
and under to have an IRR of 13.5 (95% CI¼ 13.2, 13.8)
and 12.9 (95% CI¼ 12.1, 13.7) for lung and stomach can-
cer incidence rates, respectively, which is also consistent
with observed rates.42–44 We do not expect the gender and
age variables to effect the groundwater radon results as
they are uncorrelated with groundwater use and radon
concentrations. We find the IRR for smoking prevalence
and lung cancer to be 26.0 (95% CI¼m19.6, 34.6) which
corresponds well to the results that smoking is the largest
risk factor for increased lung cancer incidence.42 The re-
sults for smoking in the lung cancer cluster membership
are inconclusive, which is likely due to the prevalence rates
being assigned to the individual level. Moreover, we find
the IRR of smoking and stomach cancer to be 3.2 (95%
CI¼ 1.6, 6.5), which has the same direction but larger
magnitude compared with the rate ratio reported in Crew
and Neugut43 (2.1, 95% CI¼ 1.2, 3.6) and the hazard
ratio reported in Gonzalez et al.45 (1.73, 95% CI¼1.06,
2.83). Similar to the lung cancer cluster membership
model, our stomach cancer cluster membership model has
a result contrary to the literature; however, it this also
likely because the census tract smoking prevalence does
not adequately account for individual-level smoking. All of
the full model variable results and interpretations are avail-
able in the supplementary material online.
Our results support the association between ground-
water radon exposure and stomach cancer, which has been
under-studied and has mixed results. Potential omitted
confounders include Helicobacter pylori incidence, diet,
family history, work in the rubber and fish hatchery indus-
tries and other radiation exposures. Helicobacter pylori is
associated with untreated private well use46,47 but, since it
occurs due to faecal contamination whereas radon is geolo-
gical in nature, it is reasonable to assume that the presence
of both radon and H. pylori in groundwater is uncorre-
lated. Likewise, the other omitted variables are likely
uncorrelated with groundwater radon concentrations.
Limitations of the incidence rate models are normal for
ecological studies, which include assigning exposures to an
analysis unit area when it is known the exposure varies sig-
nificantly at the individual level. The cluster membership
models improved upon this; however, there were still some
controlling ecological-level variables assigned to individual
cancer cases which may lead to residual confounding due
to the differences in scale of the confounding and depend-
ent variables. This residual confounding is mitigated by the
cluster membership GEE model if it manifests in residual
spatial-autocorrelation, which is likely since both residual
confounding and spatial auto-correlation occur from non-
fully specified models. Moreover, alternative models for
identifying clusters are possible such as Gedis-Ord G48 or
likelihood ratio scan statistics.49 Nonetheless, our study
should provide not only evidence of the associations but
also the results needed to calculate the sufficient sample
size needed to design a larger, individual-level epidemiolo-
gical analysis such as a retrospective case-control or a pro-
spective case-cohort study.
In summary, our study developed models for lung and
stomach cancer associations with groundwater radon at
the ecological scale with negative binomial regression and
at the address level with logistic regression of case mem-
bership in cancer clusters. We find epidemiological evi-
dence of the association between groundwater radon
exposure and increased risk of lung cancer incidence while
controlling for confounders at the ecological level. This is
also the first epidemiological analysis to find groundwater
radon to be a significant environmental risk factor underly-
ing both lung and stomach cancer clusters.
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